Plasmids of the pT181 family encode initiator proteins that act as dimers during plasmid rolling circle (RC) replication. These initiator proteins bind to the origin of replication through a sequence-specific interaction and generate a nick at the origin that acts as the primer for RC replication. Previous studies have demonstrated that the initiator proteins contain separate DNA binding and nicking-closing domains, both of which are required for plasmid replication. The tyrosine residue at position 191 of the initiator RepC protein of pT181 is known to be involved in nicking at the origin. We have generated heterodimers of RepC that consist of different combinations of wild type, DNA binding, and nicking mutant monomers to identify the role of each of the two monomers in RC replication. One monomer with DNA binding activity was sufficient for the targeting of the initiator to the origin, and the presence of Tyr-191 in one monomer was sufficient for the initiation of replication. On the other hand, a dimer consisting of one monomer defective in DNA binding and the other defective in origin nicking failed to initiate replication. Our results demonstrate that the monomer that promotes sequence-specific binding to the origin must also nick the DNA to initiate replication. Interestingly, whereas Tyr-191 of the initiator was required for nicking at the origin to initiate replication, it was dispensable for termination, suggesting that alternate amino acids in the initiator may promote termination but not initiation.
A large number of small, multicopy plasmids in bacteria replicate by a rolling circle (RC) 1 mechanism (for reviews see Refs. [1] [2] [3] . Initiation of replication of RC plasmids involves sequence-specific binding of the plasmid-encoded initiator (Rep) protein to the origin of replication (4). This is followed by nicking of one strand of the DNA within the origin by the Rep protein (5) . Replication subsequently initiates by unwinding of the DNA by a helicase and extension synthesis by DNA polymerase III.
Plasmids of the pT181 family in Staphylococcus aureus encode a Rep protein that functions as a dimer (6 -9) . The RepC protein encoded by pT181 consists of 314 amino acids. Previous studies have identified a carboxyl-terminal domain within RepC that is involved in sequence-specific recognition of the origin. Within this region, amino acids 267-270 of RepC were found to be critical for this activity (10, 11) . A more centrally located region of the Rep proteins contains its active tyrosine residue in the case of RepC), which is involved in nicking at the origin (12, 13) . Mutational analysis has also shown that the DNA binding and nicking activities of RepC can be uncoupled, and both of these activities are required for replication (13) . One monomer of the Rep protein becomes covalently linked to the 5Ј end of the initiator-generated nick through a phosphotyrosine bond (5, 12) . After the completion of leading strand synthesis, the second free monomer of Rep is expected to cleave the displaced ssDNA and initiate strand transfer events that lead to the termination of replication (see Fig. 7 ). Once the leading strand has been fully synthesized, the replication fork proceeds approximately 10 nucleotides (nt) beyond the regenerated nick site before Rep-mediated cleavage. This results in the covalent attachment of a 10-mer oligonucleotide to Tyr-191 of one monomer of dimeric RepC, leading to the inactivation of this protein (14) . Termination of leading strand replication generates a monomeric closed circular DNA that is converted to the supercoiled (SC) form by DNA gyrase and a ssDNA corresponding to the leading strand (15) that is subsequently converted to double-stranded DNA (dsDNA) utilizing a single strand origin (16 -18) .
Several ssDNA phages of Escherichia coli also replicate by a RC mechanism (19, 20) . Interestingly, the CisA protein of X174 acts as a monomer and contains two closely juxtaposed tyrosine residues that are involved in the initiation and termination of replication (20) . Furthermore, the Rep proteins of these phages are able to reinitiate replication and are not inactivated during the termination event. Thus, there are significant mechanistic differences in the initiation and termination steps between the plasmid and phage RC replication. In this study, we have investigated the role of individual monomers of the dimeric RepC protein during the initiation and termination of plasmid pT181 RC replication. We have generated heterodimers (HDs) of RepC such that one monomer contains six histidine residues and the other a maltose-binding protein (MBP) tag at their amino-terminal ends. We have also utilized an epitope-tagged DNA binding mutant (bind Ϫ ) and a nicking mutant (nick Ϫ ) of RepC in this study. HDs of RepC consisting of different combinations of MBP-or His 6 -tagged monomers (wt/wt, wt/bind Ϫ , wt/nick Ϫ , and bind Ϫ /nick Ϫ ) were generated by overexpression in vivo and purified by successive chromatography on MBP-and His 6 -affinity columns. Purified HDs were then tested for their ability to bind to the pT181 origin, nick-close SC pT181 DNA, and support pT181 replication in vitro. Our results demonstrate that a single monomer of RepC is sufficient for origin-specific binding and nicking to provide a primer for the initiation of replication. Furthermore, the orientation of the Rep dimer during its interaction with the origin is such that the monomer involved in DNA binding must also nick the DNA. Interestingly, whereas the Tyr-191 residue of the second Rep monomer is expected to cleave the displaced ssDNA to initiate a series of cleavage/rejoining events required for the termination of replication, our results suggest that an alternate amino acid may substitute for nicking of the displaced ssDNA during termination but not during the initiation of replication.
EXPERIMENTAL PROCEDURES
Plasmids and Bacterial Strains-The plasmids used in this study are listed in Table I . S. aureus RN4220 is a restriction-deficient mutant of strain 8325-4 (21) . The generation of bind Ϫ and nick Ϫ mutants of RepC has been described previously (13) . A derivative of plasmid pMAL-c2 (New England BioLabs) expressing RepC fused to the MBP at its amino-terminal end was previously generated (9) . A plasmid expressing the wild type repC gene fused to six histidine residues at its aminoterminal end was generated by polymerase chain reaction amplification of the repC gene (with BamHI linkers at the ends) and ligation of this fragment into the BamHI site of the vector pQE30 (Qiagen). Similarly, the bind Ϫ and nick Ϫ mutants of RepC were fused to the MBP or His 6 epitopes by polymerase chain reaction amplification of the mutant repC genes. The recombinant plasmids containing the pMAL-c2 backbone were recovered by transforming the E. coli strain DH5␣, whereas those in the pQE30 vector were recovered by transforming the E. coli SURE strain, which expresses the Lac repressor.
Overexpression and Purification of RepC Heterodimers-E. coli strains overexpressing various RepC derivatives fused to the MBP and/or His 6 epitopes were grown in LB broth at 37°C to the exponential phase, and the synthesis of the fusion proteins was induced by the addition of 1 mM isopropyl-1-thio-␤-D-galactopyranoside and further growth of the cells for 2 h. MBP-RepC fusion proteins were purified by affinity chromatography on amylose-resin columns as described earlier (9) . The MBP-RepC fusion protein was eluted with a buffer containing 20 mM Tris-HCl, pH 8.0, 200 mM KCl, 10 mM 2-mercaptoethanol, and 10 mM maltose, and the fractions were dialyzed against RepC buffer (20 mM Tris-HCl, pH 8.0, 200 mM KCl, 1 mM EDTA, 5 mM dithiothreitol, and 10% ethylene glycol). For the purification of His 6 -RepC fusion proteins, cells were lysed by two freeze-thaw cycles in the lysis buffer (20 mM Tris-HCl, pH 8.0, 1 M KCl, 10 mM imidazole, and 15 mM 2-mercaptoethanol), treatment with 4 mg/ml of lysozyme for 30 min at 4°C followed by two additional freeze-thaw cycles (22) . The protein extracts were mixed with nickel-coated resin by gentle shaking at 4°C for 1 h. The suspension mixtures were then loaded onto nickel-Sepharose columns and unbound proteins were washed with 10 column volumes of the lysis buffer containing 10 mM imidazole. His 6 -RepC proteins were eluted with a buffer containing 20 mM Tris-HCl, pH 8.0, 1 M KCl, 200 imidazole, and 20 mM 2-mercaptoethanol. The MBP-RepC and His 6 -RepC preparations were approximately 95% pure as determined by SDS-PAGE and staining with Coomassie Brilliant Blue. RepC HDs containing one monomer fused to MBP and the other fused to His 6 were purified by successive affinity chromatography on amylose-and nickelconjugated resins. Cells were first processed by the MBP-RepC purification procedure as described above, and the MBP-RepC homodimers and MBP-RepC/His 6 -RepC HDs were eluted with a buffer containing maltose. The eluate was then mixed with nickel-Sepharose in a buffer containing 1.2 M KCl, 40 mM Tris-HCl, pH 8.0, 15 mM imidazole, 15 mM 2-mercaptoethanol, and 0.5% Triton X-100 and washed with 10 column volumes of the same buffer except that the imidazole concentration was raised to 18 mM. The MBP-RepC/His 6 -RepC HDs were then eluted with a buffer containing 1.2 M KCl, 40 mM Tris-HCl, pH 8.0, 200 mM imidazole, and 20 mM 2-mercaptoethanol. The purity of the protein preparations were checked by SDS-PAGE and staining with Coomassie Brilliant Blue. The protein concentrations were measured by using a BioRad Kit.
Preparation of Plasmid DNA-Plasmid pT181cop-608 was isolated by CsCl/ethidium bromide density gradient centrifugation. All other plasmid DNAs were prepared using the Maxi Prep kit from Qiagen.
Preparation of Cell-free Extracts and in Vitro DNA Replication-Cellfree extracts from S. aureus were prepared as described (23) . Replication extracts were stored at Ϫ70°C. In vitro replication reactions were performed as described (22) . Reactions (30 l) contained 500 ng of pT181cop-608 DNA, 600 g of protein extract from S. aureus RN4220, and various amounts of the RepC protein or its derivatives. Unless otherwise indicated, products were labeled with [␣-
32 P]dATP. Reactions were carried out at 32°C for 60 min, and the replication products were isolated by proteinase K treatment, phenol/chloroform extraction and alcohol precipitation as described previously (22) . Samples were then subjected to electrophoresis on 1% agarose gels using the Tris borate-EDTA buffer containing 0.5 g/ml of ethidium bromide (17) . Gels were dried and subjected to autoradiography. The signals in the various plasmid bands were quantitated by using a Molecular Dynamics PhosphorImager.
Southern Blot Hybridization-Products of pT181cop-608 in vitro replication reactions were separated by agarose gel electrophoresis, and the DNA was transferred to nylon membranes. The Southern blots were hybridized to a 32 P-labeled pT181cop-608 DNA probe, washed, and exposed to x-ray films as described previously (17) . The signals present in various plasmid bands were quantitated as described above.
Electrophoretic Mobility Shift Assays-The binding of the various RepC derivatives to the pT181 origin was studied by EMSA as described (9) . A 30-base pair oligonucleotide (including pT181 nt 60 -83) containing the IRII region of the pT181 origin was end-labeled using [␥-
32 P]ATP and used as a probe in DNA binding assays. Reactions (30 l) containing 2-5 pmol of the labeled probe and the indicated amounts of RepC, and its derivatives were incubated at room temperature for 10 min and subjected to electrophoresis on 6% native polyacrylamide gels. The gels were dried and subjected to autoradiography, and the signals were quantitated.
RepC Nicking-Closing Assays-DNA relaxation assays were done as described previously (5). 1 g of pT181cop-608 DNA was incubated with the indicated amounts of various RepC derivatives for 30 min at 32°C. The reaction mixtures were subjected to electrophoresis on 1% agarose gels using Tris borate-EDTA buffer containing 1 g/ml of ethidium bromide. The kinetics of DNA relaxation by RepC and various HDs was measured by incubating reaction mixtures with 100 ng of the proteins and taking out samples at various time intervals, stopping the reactions by the addition of SDS-EDTA dye, followed by agarose gel electrophoresis.
RESULTS

Purification of RepC Heterodimers-Previous studies have
shown that RepC exists as a dimer in solution (7) (8) (9) . To identify the role of individual monomers of RepC in its various biological activities, we have generated HDs of the initiator containing one monomer fused to the MBP and the other to the His 6 tag. Using successive affinity chromatography, we have purified the MBP-wt/His 6 -wt, MBP-bind Ϫ /His 6 -wt, MBP-nick Ϫ / His 6 -wt, and MBP-bind Ϫ /His 6 -nick Ϫ HDs. SDS-PAGE analysis followed by staining of the gels with Coomassie Blue showed that the various protein preparations contained approximately equimolar amounts of the MBP-and His 6 -tagged proteins ( ) is unable to bind to the origin of replication of pT181 and is inactive in replication (13) . To assess the effect of a bind Ϫ monomer on the overall DNA binding activity of di- (Fig. 2) . The MBP-RepC/His 6 -RepC preparation was free of His 6 -RepC homodimers because no complex corresponding to that obtained in the presence of the His 6 -RepC homodimer was observed. This is consistent with our observation that His 6 -RepC protein is not retained on amylose resins. 2 A more slowly migrating band, with approximately 10 -15% of the signal as compared with that seen with the HD, corresponding to the MBP-RepC homodimer was observed (Fig. 2) . This band represents residual levels of MBP-RepC homodimers in the protein preparations because native RepC has a weak affinity for the nickel-Sepharose column. 2 The relative intensity of this band also serves as a measure of MBP-Rep homodimer contamination in the HD preparations (usually about 10%), except for the bind Ϫ MBP-Rep homodimer, which binds poorly to the DNA. Interestingly, the DNA binding activities of the wt/bind Ϫ , wt/ nick Ϫ , and bind Ϫ /nick Ϫ HDs were comparable with that obtained with the MBP-wt/His 6 -wt HD (Fig. 2) . These results suggest that one monomer of the dimeric RepC protein is sufficient to allow efficient origin-initiator interactions.
Nicking Closing Activity of RepC Heterodimers-Previous studies have shown that the Tyr-191 residue of RepC is required for its nicking-closing activity, and conversion of this residue to serine or phenylalanine inactivates its nicking and replication activities (13) . Also, although the bind Ϫ mutant of RepC is able to relax DNA, this activity is reduced approximately 3-fold as compared with the wild type RepC protein.
DNA relaxation assays showed that MBP-RepC and His 6 -RepC homodimers and the MBP-RepC/His 6 -RepC HD were equally active in nicking-closing of SC DNA (Fig. 3) . The reaction products consisted predominantly of covalently closed circular relaxed DNA, along with low levels of nicked open-circular DNA. Small amounts of supercoiled plasmid dimers present in the DNA preparations (migrating slightly faster than the OC molecules) were also converted to the corresponding relaxed and nicked forms (Fig. 3) . The nicking-closing activity of the wt/bind Ϫ HD was only slightly reduced as compared with the wild type HD (Fig. 3) . On the other hand, both the wt/nick Ϫ and bind Ϫ /nick Ϫ HDs had reduced nicking-closing activity because SC DNA was not fully converted to the relaxed or OC forms even at the highest concentrations of the proteins tested (Fig.  3) . These results showed that although the presence of one active tyrosine residue is sufficient for the nicking-closing activity of the initiator, both active tyrosine residues contribute to the overall activity. The kinetics of nicking-closing was also found to be much faster in the case of wt/wt and wt/bind Ϫ HDs as compared with the wt/nick Ϫ and bind Ϫ /nick Ϫ HDs (Fig. 4 ). In the presence of 100 ng of the protein, 50% of the SC DNA was converted to the OC and relaxed forms in 15 s by the MBP-wt and His 6 -wt homodimers and the wt/wt and wt/bind Ϫ HDs. On the other hand, the wt/nick Ϫ and bind Ϫ /nick Ϫ HDs required 10 min for this level of activity, and even after 30 min incubation, the SC DNA was not fully converted to the OC and relaxed forms (Fig. 4) .
A bind Ϫ
/nick Ϫ Initiator Heterodimer Is Unable to Initiate Replication, although the Presence of One Wild Type Monomer
Is Sufficient for Initiation-The first step during the initiation of plasmid RC replication is expected to involve a sequencespecific interaction between the origin and the initiator protein, an event that is mediated by its DNA binding domain. The orientation of the two monomers of the initiator protein when bound to the origin and whether the protein is symmetric is not known. We carried out experiments to determine whether the same monomer of Rep involved in origin-specific binding nicks the DNA or whether one monomer targets the Rep protein to the DNA while the other nicks at the origin during initiation. Plasmid pT181cop-608 DNA was replicated in vitro, and the products were analyzed by agarose gel electrophoresis and autoradiography. Replication in the presence of the MBPRepC/His 6 -RepC HD generated bands corresponding to the OC, SC, and ssDNA, along with replicative intermediates (RI) (Fig.  5) . This pattern was similar to that observed with the MBPRepC and His 6 -RepC homodimers. The above experiments were carried out in the presence of rifampicin, which blocks the conversion of the released leading strand to the ds form (17) . The presence of SC and ssDNA reflects appropriate termination events, and a lack of termination is expected to generate RI (OC molecules containing tails), whereas the generation of SC and ssDNA should be greatly reduced or abolished. Thus, the levels of SC and ss replication products are a measure of the efficiency of termination of leading strand synthesis, whereas an increase in the levels of more slowly migrating RI molecules indicates a defect in termination.
The overall replication efficiency observed with the wt/bind Ϫ and wt/nick Ϫ HDs was similar (within approximately 1.5-fold) to that observed with the wt/wt HD (Fig. 5) . Note that OC DNA is present in significant levels even in the presence of the wild type initiator, especially at higher levels. This DNA probably represents replicated molecules in which the dsDNA has not been ligated and/or replicated SC molecules that have been nicked because of the presence of an excess of RepC in the absence of reinitiation of replication. Interestingly, the levels of ssDNA produced in the presence of the wt/nick Ϫ HD were approximately 2-3-fold lower than those seen with wt/wt and wt/bind Ϫ HDs (Fig. 5) . Conversely, the levels of RI were 2-4-fold higher in the wt/nick Ϫ mutant as compared with the wt/wt and wt/bind Ϫ HDs. This was more evident in the presence of lower concentrations (20 and 50 ng) of the initiator proteins. These results suggest that the lack of Tyr-191 in the second monomer of RepC impairs the termination event to a moderate extent. However, because significant levels of SC and detectable amounts of ssDNA are observed with the wt/nick Ϫ HD, these results suggest that termination can occur in the absence of the Tyr-191 residue in the second monomer. Importantly, the bind Ϫ /nick Ϫ HD failed to show significant replication activity (less than 5% of the activity obtained with the wt/wt HD) (Fig.  5) . Because the nick Ϫ mutant is capable of targeting the above HD to the DNA (Fig. 2) , these results suggest that the orientation of the Rep dimer at the origin is such that the monomer involved in sequence-specific binding to the origin must also nick the DNA to initiate replication.
It should be noted that radioactively labeled ss leading strand DNA is produced only upon replication of a prereplicated SC molecule containing a labeled leading strand DNA. This is usually observed at higher levels of the initiator protein (17) . Therefore, incorporation of 32 P during the first round of leading stand synthesis would not release labeled ssDNA. To circumvent this problem, DNA replication was carried out in the presence of cold dNTPs, and the products were resolved by agarose gel electrophoresis. Southern blot analysis showed that although the wt/wt and wt/bind Ϫ HDs generated significant and comparable levels of ssDNA, very little ssDNA was generated in the presence of the wt/nick Ϫ HD (Fig. 6) . Also, because the bind
Ϫ HD is inactive in replication, no ssDNA was observed. These results are consistent with those obtained with direct labeling of the in vitro replication products. 
DISCUSSION
The initiators proteins of plasmids that replicate by a RC mechanism have origin-specific DNA binding and nicking-closing activities (5, 24 -26) . The initiators of the plasmid pT181 family exist as dimers and have specific domains that are involved in the above activities (9, 11, 13) . Homodimers of the bind Ϫ and nick Ϫ RepC mutants are inactive in replication (13) . The origins of replication of plasmids of the pT181 family include two adjacent regions, one conserved "nick" region that contains the Rep nick site (pT181 nt 60 -83) and an adjacent, nonconserved "bind" region (pT181 nt 37-59) that is involved in sequence-specific interaction with the cognate Rep protein (27) . The initiators of the pT181 family are quite homologous and contain a conserved DNA nicking domain but differ in their amino acid sequences in the DNA binding domains (28) . As expected from the above origin organization, the Rep proteins of the pT181 family can nick-close all the plasmids of the family but show specificity in binding to their cognate origin sequences. Consequently, these proteins efficiently replicate only their cognate plasmids (29 -31) . The current study was undertaken to investigate the role of individual monomers of the dimeric initiator protein of plasmid pT181 in its various biochemical activities.
In the present study, a RepC HD containing one wild type and one bind Ϫ monomer had slightly reduced nicking-closing activity as compared with the wild type HD (MBP-wt/His 6 -wt), particularly in the presence of limiting amounts of the protein (Fig. 3) . On the other hand, the wt/nick Ϫ and bind Ϫ /nick Ϫ HDs, which contain only one Tyr-191 residue, were significantly impaired in nicking-closing of the DNA (Fig. 3) . These results suggest that both the Tyr-191 residues of RepC are capable of independently nicking-closing the DNA. It is likely that an interaction between the nick Ϫ monomer (present within a Rep dimer) and origin results in stable initiator binding (Fig. 2) in the absence of nicking. This would result in a competitive inhibition of origin-nicking even in the presence of higher levels of HDs containing a nick Ϫ monomer (Fig. 4) . Results of EMSA demonstrate that initiator HDs containing one monomer that is defective in DNA binding does not significantly affect its DNA binding activity (Fig. 2) . We have previously shown that a homodimer of the bind Ϫ mutant is unable to bind to the origin (13) . These results suggest that one monomer of RepC is sufficient for DNA binding, and the initiator is oriented at the origin such that the other monomer is not in direct contact with the Rep binding site and/or does not contribute significantly to DNA binding. Many dimeric DNA binding proteins bind to palindromic sequences such that each monomer interacts with one of the two inverted repeat sequences. Although the RepC binding site contains a short palindromic sequence (5-base pair inverted repeat separated by 5 nt) (27) , RepC binding to the DNA appears to be asymmetric. Previous studies using homodimers of bind Ϫ and nick Ϫ RepC mutants showed that both of these activities are required for the initiation of RC replication (13) . However, the effect of these mutations on the termination of replication could not be studied because they failed to initiate replication. The use of purified RepC HDs in this study allowed us to directly investigate this issue. All the HDs containing at least one wild type RepC monomer retained their in vitro replication activity (Fig.  5) . The overall levels of replication obtained with the wt/wt, wt/bind Ϫ , and wt/nick Ϫ HDs were comparable. On the other hand, the bind Ϫ /nick Ϫ HD had very little replication activity (less than 5% of the wt/wt levels) (Fig. 5) . As shown previously (13) , the bind Ϫ and nick Ϫ homodimers were inactive in replication (Fig. 5) . The following conclusions can be drawn from these observations. One monomer targets the Rep protein to the origin, and the active Tyr-191 of the same monomer must also nick the DNA to generate a primer for the initiation of RC replication. This conclusion is based on the observation that the bind Ϫ /nick Ϫ HD is essentially inactive in in vitro replication. Furthermore, co-expression of the nick Ϫ and bind Ϫ mutants of RepC did not support replication from the pT181 origin in vivo. 2 Because the interaction of the bind Ϫ /nick Ϫ HD with the origin must occur through the nick Ϫ monomer that is competent for DNA binding, no initiation is expected to occur if the same monomer is also required to nick the DNA. If the second monomer (defective in DNA binding but capable of nicking) was involved in nicking, the bind Ϫ /nick Ϫ HD should be capable of promoting initiation. However, the second monomer may play an important role in the assembly of a nucleoprotein complex at the origin during initiation and may also be involved in interaction with the host replication proteins. Although we have not tested a HD consisting of one wt and one bind Ϫ , nick Ϫ double mutant, we predict that it will behave similarly to the wt/nick Ϫ HD, because the initiator is expected to be targeted to the origin by the wt monomer, and this monomer must also generate the nick for initiation (see below).
A close examination of the various forms of DNA obtained during in vitro replication reveals that the wt/nick Ϫ HD generated lower levels of ssDNA, but larger amounts of RI as compared with those obtained in the presence of wt/wt and wt/bind Ϫ HDs (Fig. 5) . The higher levels of RI were more evident in the presence of lower levels of the wt/nick Ϫ HD. Because labeled ssDNA is produced in vitro only upon rereplication of plasmid molecules, Southern blot analysis of unlabeled in vitro replication products was also carried out (Fig. 6) . These results clearly showed that the wt/nick Ϫ HD generated much lower levels of ssDNA than the wt/wt and wt/bind Ϫ HDs. The generation of SC and ssDNA during RC replication is dependent upon appropriate termination events (Fig. 7) . Also, increased levels of RI are expected if termination is less efficient. The RI presumably correspond to forms in which the displaced leading strand is still covalently attached to the newly synthesized leading strand. Furthermore, the heterogeneous RI may also include those containing greater than unit length of displaced ssDNA (32) .
The above results indicate that whereas the loss of Tyr-191 abolishes initiation, termination can be promoted to a significant extent by an alternate amino acid in the second, free Rep monomer. The results of our studies are consistent with the following interpretation. The Tyr-191 residues of both the RepC monomers are capable of nicking-closing the DNA because the wt/nick Ϫ and bind Ϫ /nick Ϫ HDs had significantly reduced DNA relaxation activity as compared with the wt/wt homodimer and HD. However, the wt/nick Ϫ HD is capable of carrying out the cleavage event (albeit with a lower efficiency) during the termination step that is required for the release of SC and ssDNA. Because the nick Ϫ monomer lacks the Tyr-191 residue, it is possible that an alternate tyrosine or acidic amino acid (glutamate or aspartate) located in the vicinity of Tyr-191 may be involved in the cleavage of displaced ssDNA by transesterification or hydrolysis, respectively. The CisA initiator protein of X174 contains two closely spaced tyrosine residues, one of which is involved in the nicking during initiation while the other initiates the cleavage reaction during the termination step (20) . The RepA protein encoded by the pC194 plasmid that also replicates by a RC mechanism is known to utilize a glutamate residue (Glu-210) located near its active Tyr-214 residue during the termination step (32, 33) . Glu-210 activates a water molecule and mediates a nucleophilic attack of the phosphodiester bond on the newly synthesized strand. This is followed by a transesterification reaction that generates a circular ssDNA and covalently closed dsDNA that is subsequently converted to the SC form by DNA gyrase. These results suggest the remarkable ability of the Rep proteins to utilize more than one active center for their DNA nicking activity during the termination of RC replication. Whereas the RepC protein does not contain another tyrosine residue in close proximity to Tyr-191, it contains a glutamate residue at a nearby location at position 196 (28) . It is possible that this glutamate residue can substitute for Tyr-191 during termination. However, it is also possible that a tyrosine located at position 178 or other nearby acidic amino acids (positions 183, 199, and 202) or other such amino acids located in close proximity to Tyr-191 in space may be capable of promoting termination in the absence of Tyr-191. Although unlikely, it is also possible that although Tyr-191 of the second RepC monomer is part of the domain involved in termination, it is not responsible for DNA cleavage during termination. Future studies should clarify these issues. Based on the results of the present study as well as previous studies from several laboratories, we present a model for the role of the two monomers of the dimeric initiator proteins of the plasmid pT181 family during RC replication (Fig. 7) . At present, no information is available on the tertiary structure of any RC initiator protein, nor is there any information on Rep-DNA complexes at the structural level. Results of our current study provide a more detailed understanding of the interaction between a dimeric initiator protein and the origin during the initiation and termination steps of RC replication.
